As graphene became one of the most important materials today, there is a renewed interest on others similar structures. One example is silicene, the silicon analogue of graphene. It share some the remarkable graphene properties, such as the Dirac cone, but presents some distinct ones, such as a pronounced structural buckling. We have investigated, through density functional based tight-binding (DFTB), as well as reactive molecular dynamics (using ReaxFF), the mechanical properties of suspended single-layer silicene. We calculated the elastic constants, analyzed the fracture patterns and edge reconstructions. We also addressed the stress distributions, unbuckling mechanisms and the fracture dependence on the temperature. We analysed the differences due to distinct edge morphologies, namely zigzag and armchair.
tures can be attributed to its rich chemistry, reflected on the fact that it can assume three quite distinct and different hybridization states: sp 3 (diamond), sp 2 (graphite, graphene, fullerenes and nanotubes 1 ) an sp (graphynes [2] [3] [4] ). Carbon based structures of low dimensionality exhibit extraordinary structural, thermal 5 and electronic 6 properties. Among these structures, graphene (see Figure 1 ) has been considered one of the most promising 7-9 due to its unique electronic and mechanical properties. However, its zero bandgap value hinders some transistor applications 9 . As a consequence, there is a renewed interest in other possible graphene-like structures, based on carbon or in other chemical elements. Other group IV elements, such as silicon and germanium, present a chemistry which is similar to that of carbon in some aspects, although the number of known carbon structures surpasses very much the ones based on silicon or germanium. A natural question is whether these elements could also form two dimensional honeycomb arrays of atoms, similar to graphene 10 .
The corresponding silicon and germanium structures were named silicene (see Figure 1 ) and germanene 11 , respectively. Silicene was first predicted to exist based on ab initio calculations in 1994 12 and has been recently synthesized by different groups [13] [14] [15] . Silicene presents some properties that make it a very promising material to electronic applications. The electronic Dirac cone exhibited by graphene is also found in silicene 11 .
A notable difference between graphene and silicene is that while the former is completely planar, the latter presents a significant level of buckling, meaning that in silicene atoms are not in purely sp 2 hybridized states. This is due to the pseudo-Jahn Teller effect 16, 17 , which introduces instability in high symmetry configurations, and can be exploited in some electronic applications 17 There are several studies regarding fracture mechanisms on silicene membranes under strain 28, 33, 34 . The contribution of the present work comes from an investigation of the relative importance of aspects such as edge terminations (armchair and/or zigzag), membrane size and temperature effects. We have carried fully atomistic molecular dynamics (MD) simulations of silicene under dynamical strain at finite temperatures using reactive classical molecular dynamics in association with ab initio density functional theory (DFT) and tight binding methods.
II. METHODOLOGY
We studied the structural and dynamical aspects of silicene membranes under strain and their fracture patterns using classical and quantum methods. Reactive classical molecular dynamics simulations were carried using the ReaxFF method 39 .
ReaxFF is a reactive force field developed by van Duin, Goddard III and co-workers for use in MD simulations of large systems. It is similar to standard non-reactive force fields, In order to obtain useful information regarding the dynamics of deformation and rupturing throughout the simulations, we calculated the virial stress tensor 47,48 which can be defined as
where N is the number of atoms, V is the volume, m the mass of the atom, v is the velocity, r is the position and f the force acting on the atom. Stress-strain curves were obtained considering the relation between the uniaxial component of stress tensor in a specific direction, namely σ ii , and the strain defined as a dimensionless quantity which is the ratio between deformation along the considered direction and the length on the same direction
where i = 1, 2 or 3. Using this quantity it is also usefull to define the Young Modulus, Y = σ ii /ε i , and the Poisson ratio, which is the negative ratio between a transverse and an axial strain
where i = j. We also calculated a quantity which is related to the distortion state of the system, known as von Mises stress 48 , defined as 
III. RESULTS AND DISCUSSION

A. Structural investigation
We first obtained the minimized geometries for silicene by utilizing the three methods described above: DFT, SCC-DFTB and ReaxFF. Graphene and silicene structures, as optimized by the ReaxFF method, can be compared at the same scale as presented in figure 1 .
The calculated values for silicene, using the ReaxFF method, were d = 2.3Å for the Si-Si bond length, ∆ = 0.67Å for the buckling value and α = β = 112
• for the angle value (see A for the C-C bond length, no buckling and α c = 120
• for the bond angle values.
B. Mechanical Properties and Fracture Patterns
Typical stress-strain curves can be divided into 3 different regions: (i) the harmonic region, where the stress-strain curve is linear and the Young's Modulus is defined; (ii) the anharmonic region, where the stress increases non-linearly with the increasing strain; and (iii) the plastic region, where the structure undergoes irreversible structural changes. The point at which mechanical failure happens defines two quantities, the final stress, which is the maximum stress value reached before rupturing, and the critical strain c , which is the strain value at the moment of rupture. The value of c is taken as the point after which the stress decreases abruptly.
The stress versus strain curves were calculated using both ReaxFF and SCC-DFTB meth- There is also a notable dependence on the edge morphology, c differing by a factor of up to 2 if we compare an armchair and a zigzag membrane. In order to understand this different behaviour of c , we have to consider the direction of applied strain in relation to the hexagonal atomic arrangement.
With the application of strain in the system, the hexagonal symmetry is broken and thus two different angles can be defined for each hexagon (figure 1), α and β, that can either increase or decrease during the deformation process, depending on the direction of applied strain. As shown in figures 3 and 4, the dependence of these angles with strain is almost linear for < c . The same symmetry breaking is evidenced by the appearance of two distinct bond values, also shown in figures 3 and 4. When strain is applied to armchair membranes, the strain has the same direction of some of the chemical bonds of the structure (d 1 as defined in Figure 1 ), but this is not true in the case of zigzag membranes. In the latter case, the strain is not parallel to any chemical bond of the structure, so, the relative increase of global strain is not the same as the relative increase of the chemical bond length, while in the case of armchair membranes this can happen for some chemical bonds (d 1 ) . This means that, comparing both structures being deformed until they reach the critical chemical bond length value, one can see that zigzag structures must be more strained than their armchair counterparts. This effect redistributes the applied force making zigzag structures more resilient to mechanical deformation. The curves of the bond lengths versus strain also show clearly the fact that it takes higher strain values for zigzag membranes to reach the same bond lengths as the armchair membranes. This analysis can be extended to graphene as both graphene and silicene share the same honeycomb structure.
The stretching dynamics in the plastic region is also dependent on membrane type. In the case of zigzag membranes no reconstructions were observed (see Figure 6 ).
Another unique aspect of silicene under strain is the unbuckling process. We observed the decrease of buckling, ∆, with increasing strain, using both methods. This decrease is almost linear with angular coefficient of −0.276 for armchair and −0.283 for zigzag using SCC-DFTB and −1.522 for both types of membranes using ReaxFF. We observed a continuous buckling decrease during the stretching, however, the buckling continues to exist and the structure breaks before its disapperance.
We also analysed the von Mises stress distribution, which is defined by equation 4. Using the ReaxFF method we calculated this distribution along the whole stretching process.
Representative snapshots of this process are shown in figures 6 and 7.
For the zigzag membranes the von Misses stress are uniformly distributed before the fracture ( figure 6 (a) ). When the membrane fracture starts, stress decreases in regions close to the fracture, as shown in figure 6 (b). The rupture creates clean and well-formed armchair edged structures, with only very few pentagon and heptagon reconstructed rings, as shown in figure 6 (c).
The corresponding results for the armchair structures present a significant number of edge reconstructions (see Figure 7 (a)), with the formation of mostly pentagon and heptagon rings. As we can see in Figure 7 (b) and (c), in this case the fractured structure presents less clear and more defective zigzag edge terminated structures. It can also be seen that the von Mises stress distribution is much less uniform during the whole process, even after the fracture starts. This local stress concentration leads to more reconstructed rings in this case. Similar fracture patterns have been observed in graphene 51 , most notably that fractured armchair structures produce zigzag edge terminated ones and vice-versa and with the formation of pentagon and heptagon reconstructed rings.
IV. SUMMARY AND CONCLUSIONS
We investigated, by means of fully atomistic molecular dynamics simulations under two Silicene fracture patterns are similar in some aspects to those observed on graphene, but important differences were also noted, such as, the presence of buckling due to a pseudo Jahn-Teller effect. Although the buckling value was progressively reduced during strain application, it was not eliminated, even when significant stress was imposed to the structure, as complete rupture happened before this value could reach zero.
Our results show that, while the Young's moduli values are virtually isotropic for silicene membranes, the critical strain is not. Also, under similar conditions, graphene is many times ( 10 times) tougher than silicene.
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